Background-The neuron-derived orphan receptor-1 (NOR1) belongs to the evolutionary highly conserved and most ancient NR4A subfamily of the nuclear hormone receptor superfamily. Members of this subfamily function as early-response genes regulating key cellular processes, including proliferation, differentiation, and survival. Although NOR1 has previously been demonstrated to be required for smooth muscle cell proliferation in vitro, the role of this nuclear receptor for the proliferative response underlying neointima formation and target genes trans-activated by NOR1 remain to be defined. Methods and Results-Using a model of guidewire-induced arterial injury, we demonstrate decreased neointima formation in NOR1 Ϫ/Ϫ mice compared with wild-type mice. In vitro, NOR1-deficient smooth muscle cells exhibit decreased proliferation as a result of a G 1 3 S phase arrest of the cell cycle and increased apoptosis in response to serum deprivation. NOR1 deficiency alters phosphorylation of the retinoblastoma protein by preventing mitogen-induced cyclin D1 and D2 expression. Conversely, overexpression of NOR1 induces cyclin D1 expression and the transcriptional activity of the cyclin D1 promoter in transient reporter assays. Gel shift and chromatin immunoprecipitation assays identified a putative response element for NR4A receptors in the cyclin D1 promoter, to which NOR1 is recruited in response to mitogenic stimulation. Finally, we provide evidence that these observations are applicable in vivo by demonstrating decreased cyclin D1 expression during neointima formation in NOR1-deficient mice. 
I
n an era marked by the increasing prevalence of obesity, diabetes, and cardiovascular disease, members of the nuclear hormone receptor superfamily have emerged as transcription factors that regulate diverse aspects of metabolism. 1 In addition to their function of acting as molecular sensors of lipid and carbohydrate homeostasis, many nuclear receptors exert pleiotropic effects to control inflammatory and proliferative responses during vascular remodeling. This ability to integrate metabolic and vascular signaling networks has been well described for the ligand-activated peroxisome proliferator-activated receptors and liver X receptors. 2, 3 However, the nuclear receptor superfamily comprises a large number of receptors, for which ligands have not been identified, and they remain classified as orphan nuclear receptors. 1 For many of these orphan receptors, the physiological functions and their target genes remain unknown, yet the high degree of conservation points to an important role in the control of gene expression.
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The NR4A subfamily of orphan nuclear receptors consists of the members Nur77, Nurr1, and neuron-derived orphan receptor-1 (NOR1). 4, 5 These receptors bind as monomers to the nerve growth factor-induced clone B response element (NBRE) and as homodimers to the Nurr1 response element in the promoter of their target genes. 4, 5 In contrast to other members of the nuclear receptor superfamily, the ligand-binding pocket of these NR4A receptors is covered by hydrophobic residues, which has resulted in the characterization of NR4A receptors as ligand-independent and constitutively active transcription factors. 6 Consistent with this concept, these receptors function as early-response genes, which are induced rapidly in response to various extracellular cues. 4, 5 In the vascular system, NOR1 is expressed in atherosclerotic lesions and in the neointima after vascular injury. [7] [8] [9] At the cellular level, NOR1 expression is induced rapidly by inflammatory stimuli in macrophages 10 and by growth factors in endothelial cells. 11 Finally, NOR1 is highly expressed in smooth muscle cells (SMCs) after mitogenic stimulation, 7, 9 and recent studies, 7 including our experiments using NOR1-deficient SMCs, 9 pointed to a key role of this receptor in the transcriptional control of SMC proliferation. In the present study, we extend these observations by demonstrating that NOR1-deficient mice are protected from neointima formation because of altered cyclin D1 expression. These results indicate that NOR1 may constitute a potential novel target for the intervention for proliferative vascular diseases.
Methods Animals
All experiments were performed with littermate NOR1
Ϫ/Ϫ and NOR1 ϩ/ϩ mice as recently described. 9, 12 The institutional animal care and use committee at the University of Kentucky approved all animal procedures.
Cell Culture
Rat and mouse aortic SMCs were cultured as described. 9 Human coronary artery SMCs were commercially obtained (Lonza Inc, Allendale, NJ). Cells were grown to 60% to 70% confluence, serum deprived in 0.1% FBS for at least 24 hours, and subjected to stimulation with FBS at a final concentration of 10%. For all data shown, cells were used between passages 3 and 7, and individual experiments were repeated at least 3 times with different cell preparations.
Cell Cycle Distribution and Apoptosis Assays
After mitogenic stimulation, cells were collected by trypsinization, washed twice in PBS, and resuspended in staining buffer containing 20 g/mL RNase A and 100 g/mL propidium iodide. Cells were stained for 30 minutes at 4°C, and 1ϫ10 6 cells were analyzed for cell cycle distribution with a FACSCalibur sorting system (Becton Dickinson, Franklin Lakes, NJ). Apoptosis was assessed with a fluorescence-based FragEL DNA fragmentation kit (QIA39, Calbiochem, San Diego, Calif).
Western Blot Analysis
Western blotting was performed as described 9 with the following antibodies: Ser807/811 Phospho-Rb (9308, Cell Signaling Technology, Danvers, Mass), NOR1 (PP-H7833, R&D Systems, Minneapolis, Minn), Nurr1 (AF2156, R&D Systems), Nur77 (LS-B114, Lifespan Biosciences, Seattle, Wash), cyclin D1 (05-815, Millipore, Billerica, Mass), cyclin D2 (M-20), and GAPDH (FL 335) (both Santa Cruz Biotechnology, Santa Cruz, Calif).
Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction
RNA was isolated and reverse transcribed (RT) as described. 9 Polymerase chain reactions (PCRs) were performed with the iCycler and SYBR Green I system (Bio-Rad, Hercules, Calif). Each sample was analyzed in triplicate and normalized to values for transcription factor IIB mRNA expression. All primer sequences are provided in Table I of the online Data Supplement.
Plasmids, Transient Transfections, and Luciferase Assay
The human and murine cyclin D1 promoter constructs were kindly provided by Drs Richard G. Pestell 13 and Nicholas H. Heintz, 14 respectively. The NBRE sites in the murine and human cyclin D1 promoter located between Ϫ2197 and Ϫ2190 and between Ϫ1061 and Ϫ1054 were mutated from AAAGGTCA to AAAGAACA and from AAAGGTGA to AAAGAAGA, respectively, with the QuickChange II site-directed mutagenesis kit (Stratagene, La Jolla, Calif). The NOR1 expression vector was used as previously described. 9 The E2F-Luc reporter construct was commercially obtained (Stratagene). SMCs were transfected with 1.5 g reporter DNA with LipofectAMINE 2000 (Invitrogen, Carlsbad, Calif). After transfection, cells were serum deprived in 0.1% FBS for 12 hours and stimulated with 10% FBS for the indicated times. Luciferase activity was assayed with a Dual Luciferase Reporter Assay (Promega, Madison, Wis). Transfection efficiency was normalized to renilla luciferase activities generated by cotransfection of 5 ng pRLCMV (Promega).
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assays were performed with 5 g nuclear extract as described 15 and the oligonucleotides described in supplemental Table I . Supershift experiments were performed by incubating 5 g nuclear extract with 2 g NOR1 antibody (PP-H7833-00, R&D Systems) for 20 minutes before the addition of the radiolabeled probe.
Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays were performed with the EZ-ChIP kit (Millipore) as described. 9 Chromatin was immunoprecipitated with 5 g antibody directed against NOR1 (PP-H7833-00, R&D Systems). Final DNA extractions were amplified by real-time PCR with primer pairs covering the NBRE cognate sequences in the human or mouse cyclin D1 promoter (supplemental Table I ).
Endovascular Femoral Artery Guidewire Injury
Guidewire endothelial denudation injuries were performed on the left femoral artery of littermate NOR1 ϩ/ϩ (nϭ9) and NOR1 Ϫ/Ϫ (nϭ8) mice at 8 weeks of age with a 0.25-mm SilverSpeed-10 hydrophilic guidewire (Micro Therapeutics Inc, Irvine, Calif) as described. 16 The denudation injury was accomplished on 4 passages of the wire. Sham surgery without injury was performed on the right side. Mice were euthanized at the indicated time points, and femoral arteries were isolated for tissue analysis.
Tissue Preparation and Morphometry
After euthanasia, mice were perfused with PBS for 5 minutes, followed by 4% paraformaldehyde for 30 minutes at 100 cm H 2 O via cannulation of the left ventricle. Femoral arteries were embedded in paraffin and cut into 10-m sections. Serial sections 2 mm proximal from the incision site of the wire insertion were evaluated by staining with an elastic Verhoeff-van Gieson staining kit (Sigma-Aldrich, St Louis, Mo) to visualize the internal and external elastic lamina. The intimal and medial areas were measured by computerized morphometry with the Image-Pro Plus 4.0 software (MediaCybernetics, Bethesda, Md). Intimal hyperplasia was defined as the formation of a neointimal layer medial to the internal elastic lamina. Media area was defined as the area encircled by the external elastic lamina and internal elastic lamina. The intima-to-media ratio was calculated as the intimal area divided by the media area.
Immunohistochemistry and Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Staining
Paraffin sections were incubated with a Cy3-conjugated ␣-smooth muscle actin antibody (C6198, Sigma Aldrich), a macrophage antiserum (AIA31240, Accurate Chemical & Scientific Co, Westbury, NY), or an antibody against von Willebrand factor antibody (SIG-3115, Covance Research Products, Denver, Pa). Sections analyzed for macrophage staining and von Willebrand factor were subsequently incubated with Alexa 594 -conjugated goat anti-rabbit IgG (A11012, Invitrogen). Sections were counterstained with DAPI and visualized with confocal microscopy. Immunohistochemistry for cyclin D1, NOR1, Nurr1, and Nur77 was performed as described. 9 Sections were incubated with a primary antibody (cyclin D1, 92G2, Cell Signaling; NOR1, IMG-71915, Imgenex, San Diego, Calif; Nurr1, AF2156, R&D Systems; Nur77, LS-B114, Lifespan Biosciences) followed by incubation with a biotinylated goat anti-rabbit IgG (BA-1000, Vector Laboratories Inc, Burlingame, Calif). Apoptotic cells were detected with a fluorescence-based FragEL DNA fragmentation kit (QIA39, Calbiochem) and counterstaining with DAPI. Quantification of cyclin D1 expression and of apoptotic cells was performed by counting the number of positively stained nuclei in the neointima and the total number of nuclei within the neointimal area. The ratio in each section provided the fraction of cyclin D1-positive or apoptotic cells.
Statistical Analysis
To compare wild-type and NOR1-deficient mice on a single variable, we used an unpaired Student t test. One-way ANOVA and 2-way ANOVA were used to compare multiple groups as appropriate. Values of PϽ0.05 were considered statistically significant. Results are expressed as meanϮSEM.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results

NR4A Receptors Are Expressed During Neointima Formation
Previous studies demonstrated that NOR1, Nur77, and Nurr1 are expressed in atherosclerotic lesions 8, 17 and that NOR1 mRNA is induced after balloon angioplasty. 7 To complement these studies, we analyzed their expression profiles during neointima formation in the mouse femoral artery using endothelial denudation injuries. As depicted in Figure 1A , all 3 members of the NR4A subfamily were expressed in the neointima of NOR1 ϩ/ϩ mice. In contrast, NOR1 protein was undetectable in mice deficient for the locus, confirming the phenotype of the mouse strain. In response to vascular injury of wild-type mice, transcript levels of all 3 receptors were induced rapidly within 3 to 6 hours ( Figure 1B ). Although 
and NOR1
Ϫ/Ϫ mice, serum deprived for 48 hours, and stimulated with 10% FBS. C, mRNA was harvested at the indicated time points and analyzed for NOR1, Nur77, and Nurr1 mRNA expression with real-time RT-PCR. Data are normalized to transcription factor IIB mRNA expression levels and presented as fold increase relative to quiescent cells (*PϽ0.05 vs quiescent, 2-way ANOVA). D, NOR1, Nur77, and Nurr1 protein expression was analyzed by Western blotting at the indicated time point. Cohybridization for GAPDH was performed to assess equal loading. The autoradiograms are representative of 3 independently performed experiments.
Nur77 and Nurr1 were induced to a comparable extent in wild-type and NOR1-deficient mice, their induction was delayed in NOR1-deficient mice. In vitro, NOR1 mRNA expression was induced by Ͼ600-fold on mitogenic stimulation of wild-type SMCs, which is consistent with previous studies 7, 9 ( Figure 1C ). Although Nur77 mRNA expression increased by Ͼ20-fold in wild-type and NOR1
Ϫ/Ϫ SMC, Nurr1 transcript levels were induced to only a modest extent in both genotypes. Finally, complementary results were obtained in Western blotting experiments analyzing protein levels of all 3 receptors in response to mitogenic stimulation ( Figure 1D ).
NOR1 Deficiency Attenuates Neointima Formation After Vascular Injury
The profound increase in NOR1 expression during vascular remodeling and the reduction of cell proliferation in NOR1-deficient SMCs reported in our previous in vitro assays 9 prompted us to examine neointima formation in NOR1-deficient mice. As depicted in Figure 2A , neointima formation was substantially decreased in NOR1-deficient mice compared with wild-type mice. Quantitative morphometry confirmed a significant 56.7% reduction in the intima-tomedia ratio and a concomitant increase in lumen size in NOR1 Ϫ/Ϫ mice (the Table) . Cells present in the neointima were primarily SMCs staining positive for ␣-smooth muscle actin ( Figure 2B ). Staining for von Willebrand factor identified an intact endothelial layer above the neointima, whereas no endothelial cells were detected within the neointima. Macrophages were largely absent within the neointimal layer and sparsely detected within the adventitial layer.
NOR1 Is Required for Cell Cycle Progression and Survival of SMCs
To determine the mechanisms underlying decreased neointima formation and altered SMC proliferation in NOR1
Ϫ/Ϫ mice, 9 we analyzed cell cycle distribution of wild-type and NOR1 Figure 3A and 3B), an observation confirmed by an increased number of NOR1-deficient SMCs revealing DNA fragmentation ( Figure   3C ). In concert, these data point to an increased propensity for apoptosis in NOR1 Ϫ/Ϫ SMCs and corroborate previous observations using NOR1 antisense to demonstrate that this receptor is required for S phase entry of the cell cycle. 7
NOR1 Deficiency Increases Apoptosis in Neointimal SMC
To determine whether reduced neointima formation in NOR1 Ϫ/Ϫ mice may be due in part to increased apoptosis, we next quantified SMC apoptosis in neointimal lesions. As shown in the representative Figure 4A and quantified in Figure 4B , Ͻ10% of the total number of neointimal SMCs in wild-type mice demonstrated the presence of DNA fragmentation. In contrast, NOR1 deficiency increased the number of apoptotic SMCs in the neointima by Ϸ3-fold compared with wild-type mice (PϽ0.05). These results confirm the abovedescribed in vitro observations and indicate that increased SMC apoptosis may be responsible in part for the decreased neointima formation in NOR1-deficient mice.
NOR1 Deficiency Alters Phosphorylation of the Retinoblastoma Protein and E2F Activity
Cell cycle transition through the G 1 checkpoint is regulated by the retinoblastoma tumor suppressor protein (Rb) and requires its phosphorylation. 18 Therefore, we next examined whether Rb phosphorylation is altered in NOR1-deficienct SMCs. As depicted in Figure 5A , quiescent NOR1 ϩ/ϩ SMCs exhibited low levels of Rb phosphorylated at Ser807/811, which increased after mitogenic stimulation. In marked contrast, deficiency of NOR1 resulted in significantly decreased Rb phosphorylation. Hypophosphorylated Rb sequesters the E2F transcription factor, restricting the expression of E2F-regulated target genes, the protein products of which are required for DNA replication. 18 To further determine whether NOR1-regulated Rb phosphorylation affects downstream E2F activity, we performed trans-activation assays using a reporter construct driven by multiple E2F consensus sites. As demonstrated in Figure 5B , overexpression of NOR1 resulted in a profound 5.03Ϯ0.95-fold induction of E2F activity compared with cells transfected with the empty control vector. Taken together, these studies demonstrate that NOR1 is required for mitogen-induced Rb phosphorylation and is sufficient to increase the transcriptional activity of E2F.
NOR1 Regulates Cyclin D1 and D2 Expression in Response to Mitogenic Stimulation
The phosphorylation of Rb is regulated by cyclin/cyclindependent kinase complexes, and cyclin D1 expression is limiting for cell proliferation and survival. 13, 19 In addition, recent studies identified cyclin D2 as a target gene for Nur77 in monocytes, 10 and we have previously demonstrated that NOR1 expression is required for cyclin D1 and D2 expression in response to platelet-derived growth factor. 9 Consistent with these prior studies, cyclin D1 and D2 protein expression was completely abolished in NOR1 Ϫ/Ϫ cells stimulated with FBS compared with wild-type SMCs ( Figure 6A ). Conversely, overexpression of NOR1 in quiescent human coronary artery SMCs with an eukaryotic expression vector increased cyclin D1 protein expression and downstream Rb phosphorylation in the absence of mitogenic stimulation ( Figure 6B) . The mechanisms by which NOR1 induces cyclin D1 and D2 expression occur at the transcriptional level because mitogen-induced mRNA expression of cyclin D1 ( Figure 6C ) and D2 ( Figure 6D ) was completely repressed in NOR1-deficient SMC. In concert, these data demonstrate that NOR1 is necessary and sufficient to induce cyclin D1 protein expression, providing a potential mechanism by which NOR1 regulates Rb phosphorylation, cell cycle progression, and survival.
NOR1 Activates the Cyclin D1 Promoter
To further investigate whether NOR1 induces cyclin D1 promoter activity, we performed trans-activation assays using an NOR1 expression vector cotransfected with reporter constructs driven by a murine 3.6-kb or human 1.7-kb cyclin D1 promoter fragment ( Figure 7A ). Compared with cells transfected with the control vector, overexpression of NOR1 resulted in a significant induction of basal and mitogeninduced activity of the cyclin D1 promoter. To characterize the transcriptional mechanisms governing this regulation, we screened both cyclin D1 promoter sequences for putative NBRE consensus sites. Using this approach, we identified a canonical consensus NBRE site within the murine cyclin D1 promoter (Ϫ2197 to Ϫ2190, AAAGGTCA) and a putative NBRE site with 1 base substitution in the human cyclin D1 promoter (Ϫ1061 to Ϫ1054, AAAGGTGA). To establish the functional relevance of these NBRE sites for the regulation of the cyclin D1 promoter by NOR1, site-directed mutations were next introduced into these NBRE sequences. In marked contrast to the regulation of the wild-type promoters, both murine and human cyclin D1 promoter constructs bearing mutations of the predicted NBRE sites exhibited low basal activity and were not inducible by FBS. Electrophoretic mobility shift assays and ChIP assays were performed next to confirm that NOR1 directly binds to these NBRE sites. As depicted in Figure 7B , electrophoretic mobility shift assay experiments revealed a specific complex at the murine NBRE site that was induced by FBS and completely abolished by competition with an unlabeled NOR1 oligonucleotide but not by an AP-1 oligonucleotide. Diminished binding and supershift with an antibody raised against NOR1 further verified specificity of this complex. ChIP assays corroborated occupancy of the endogenous NBRE sites in the murine and human cyclin D1 promoter by NOR1 using murine wild-type SMCs and human coronary artery SMCs. As shown in Figure 7C , quantitative analysis by real-time PCR revealed that mitogenic stimulation results in a profound increase of NOR1 binding to the NBRE site located between Ϫ2197 and Ϫ2190 in the murine cyclin D1 promoter. Similarly, FBS induced NOR1 binding to the NBRE site located between Ϫ1061 and Ϫ1054 in the human cyclin D1 promoter ( Figure 7D ). This binding of NOR1 to the human cyclin D1 promoter was prevented by PD98059, an inhibitor of extracellular signal-regulating kinase/mitogen-activated protein kinase signaling, consistent with this signaling cascade being a key pathway in the control of SMC proliferation. In concert, these experiments demonstrate that NOR1 binds to an NBRE motif in the murine and human cyclin D1 promoter, resulting in the activation of the promoter and cyclin D1 transcription.
Cyclin D1 Expression During Neointima Formation Is Attenuated in NOR1-Deficient Mice
Finally, to investigate whether cyclin D1 expression during neointimal SMC proliferation is decreased in NOR1-deficient mice in vivo, we performed cyclin D1 immunohistochemistry of guidewire-injured femoral arteries isolated from NOR1 ϩ/ϩ and NOR1 Ϫ/Ϫ mice. As depicted in Figure 8A , neointimal SMCs of wild-type mice revealed typical nuclear localization of cyclin D1 expression, which was decreased in the neointima of NOR1 Ϫ/Ϫ mice. Quantification of neointimal cyclin D1 expression as a means of cyclin D1-positive nuclei divided by the total number of nuclei confirmed a significant decrease in cyclin D1 expression in the neointima of NOR1 Ϫ/Ϫ mice compared with wild-type mice (11.5Ϯ3.49% versus 40.7Ϯ5.27%, respectively; PϽ0.001; Figure 8B ). 
Discussion
Previous studies by Martínez-González et al 7 using NOR1 silencing and our experiments in NOR1-deficient SMCs 9 provided evidence that this receptor promotes SMC proliferation in vitro. Although these studies point to an important role for NOR1 in the regulation of SMC proliferation, the contribution of NOR1 to the proliferative response underlying neointima formation and the molecular mechanisms responsible for the mitogenic activity of NOR1 remain unknown. In the present study, we extend these earlier observations and demonstrate that NOR1 deficiency attenuates neointima formation, suggesting an important role of NOR1 signaling for proliferative vascular remodeling.
Consistent with the mitogenic activity of NOR1 in vitro, 7,9 our data establish that NOR1 is required for cell cycle progression and cell survival. The main gatekeeper of G 1 3 S phase progression is the Rb tumor suppressor protein, 18 and we observed altered Rb phosphorylation in NOR1-deficient SMCs. Conversely, overexpression of NOR1 in SMCs induced Rb phosphorylation and downstream E2F-dependent promoter trans-activation. Among the cyclin/cyclindependent kinase complexes that phosphorylate Rb, mammalian D-type cyclins drive cells into the S phase and prevent apoptosis, 13, 19 and mitogen-induced cyclin D1 and D2 expression was completely abolished as a consequence of NOR1 deficiency. Furthermore, we demonstrate that cyclin D1 expression is decreased in neointimal SMCs of NOR1 Ϫ/Ϫ mice, suggesting that the regulation of cyclin D1 by NOR1 also is applicable in vivo. Interestingly, Pei et al 10 previously demonstrated that NOR1 overexpression in macrophages induces cyclin D2 mRNA. In addition, we have recently . B, Serum-deprived SMCs isolated from NOR1 ϩ/ϩ mice were stimulated with 10% FBS for 12 hours. DNA binding activities in nuclear extracts recognizing a radiolabeled murine cyclin D1 promoter region containing the NBRE site between Ϫ2197 and Ϫ2190 were detected by electrophoretic mobility shift assays. Specificity was confirmed by competition with cold cyclin D1 or AP-1 oligonucleotides and by supershift using an NOR1 antibody. The autoradiogram shown is representative of 3 independently performed experiments. C, Quiescent wild-type SMCs were stimulated with 10% FBS and harvested at the indicated time points for ChIP assays. After chromatin immunoprecipitation with an NOR1 antibody or control IgG, quantitative real-time PCR analysis was performed with primer pairs that cover the NBRE site between Ϫ2197 and Ϫ2190 in the murine cyclin D1 promoter. D, Quiescent human coronary artery SMCs were pretreated with vehicle (dimethyl sulfoxide) or the MEK1 inhibitor PD98059 (10 mol/L) for 30 minutes before stimulation with 10% FBS for 24 hours. After chromatin immunoprecipitation with an NOR1 antibody or control IgG, quantitative real-time PCR analysis was performed with primer pairs that cover the NBRE site between Ϫ1061 and Ϫ1054 in the human cyclin D1 promoter. observed that cyclin D1 and D2 protein levels were decreased in NOR1-deficient cells. 9 These studies, combined with our present data, indicate that cyclin D1 may constitute a key target gene responsible for the mitogenic activity of NOR1.
Compared with the well-studied early-response genes encoding proteins of the AP-1 complex, little is known about the endogenous binding activity of NOR1 to consensus sites in target promoters. A single recent study identified that NOR1 binds to an atypical NBRE with 1 base substitution in the uncoupling protein-1 promoter. 20 In the present study, we identified a canonical NBRE site in the murine cyclin D1 promoter at Ϫ2197 to Ϫ2190 and a putative NBRE site with 1 base substitution in the human cyclin D1 promoter located at Ϫ1061 to Ϫ1054. Using gel shift and ChIP assays, we confirmed that NOR1 is recruited to these NBRE sites in response to mitogenic signals. The functional relevance of NOR1 binding to these NBRE sites was provided by the observation that overexpression of NOR1 induces cyclin D1 promoter activity, whereas mutation of the NBRE sites resulted in a complete loss of both FBS-and NOR1-induced cyclin D1 promoter activity. Although it is possible, if not likely, that NOR1 regulates additional genes involved in the regulation of cell proliferation, these studies characterize NOR1-regulated cyclin D1 expression as a novel transcriptional cascade promoting cell cycle progression.
Considering that all 3 members of the NR4A receptor subfamily bind to an NBRE site, functional redundancy between Nur77 and NOR1 has been suggested. 21 However, 2 lines of evidence suggest that a possible redundancy is likely context and tissue dependent. First, Nur77
Ϫ/Ϫ mice exhibit no overt phenotype, 22 whereas NOR1 Ϫ/Ϫ mice develop an obvious phenotype with inner ear defects and bidirectional circling behavior. 12 Considering these differences between Nur77 Ϫ/Ϫ and NOR1 Ϫ/Ϫ mice, one might hypothesize that the Nur77 function can be replaced by NOR1 but not vice versa. Consistent with this notion would be the superinduction of NOR1 in Nur77 Ϫ/Ϫ mice 21 and the lack of increased Nur77 expression in NOR1 Ϫ/Ϫ SMCs in our studies. Furthermore, because the maximal induction of Nur77 and Nurr1 mRNA during neointima formation was delayed in NOR1-deficient mice, it is possible that NOR1 is required for maximal expression of Nur77 and Nurr1, particularly because a positive autoregulation of NR4A receptors has recently been confirmed. 23 Second, in the context of neointima formation, it appears that Nur77 and NOR1 exert distinct effects on SMC proliferation. Arkenbout et al 17 recently reported that overexpression of Nur77 protects against neointima formation. This observation, along with our data, suggests that Nur77 and NOR1 exhibit opposite roles in the control of SMC proliferation. An obvious question for future investigation is how to reconcile the distinct biological effects of NOR1 and Nur77. Although the transcriptional target gene mediating the inhibition of SMC proliferation by Nur77 remains unknown, a possibility is that its biological effect may occur as a result of its heterodimeric partner retinoid X receptor (RXR). Nurr77, unlike NOR1, can heterodimerize with RXR and mediate efficient trans-activation in response to RXR-specific agonists from canonical DR5 sites. 24 Ligand-induced RXR activation has been well established to inhibit mitogen-induced SMC proliferation, 25 and interaction between Nur77 and RXR may at least need to be considered as an explanation for the distinct effect of Nur77 and NOR1 on SMC proliferation.
Conclusions
Our results demonstrate that NOR1 induces cyclin D1 promoter activity, allowing subsequent gene transcription. NOR1-induced cyclin D1 expression results in the phosphorylation of Rb and subsequent G 1 3 S phase transition, an effect that will ultimately act mitogenically on SMCs. Finally, NOR1 deficiency limits the proliferative response underlying neointima formation by compromising cyclin D1 expression. These findings identify NOR1 as a critical component of a transcriptional cascade regulating SMC proliferation and suggest that NOR1 might play a pivotal role in the development of proliferative vascular diseases, including atherosclerosis and in-stent restenosis.
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